We propose a physical mechanism which leads to surface-enhanced smectic-A ordering ͑SESO͒ at the free surface of a model liquid crystal. We also provide an explanation, based on a density-functional theory, for recent experimental results for the melting behavior of freely suspended smectic ͑FSS͒ films. It is shown that stepwise layer-thinning transitions do not usually occur during melting of FSS films, despite the presence of SESO. We find that thinning transitions similar to those observed experimentally occur under conditions such that the film interior melts to a nematic rather than isotropic liquid phase. ͓S1063-651X͑97͒13202-0͔ PACS number͑s͒: 61.30. Cz, 64.70.Md, 68.45.Gd Several experimental studies have shown that surfaceenhanced ordering can occur at the free surface ͑i.e., liquidvapor interface͒ of liquid-crystal compounds. For example, the nematic (N) phase has been shown to partially or completely wet the interface between the vapor (V) and isotropic (I) liquid phase in compounds of the homologous series nCB for nϭ5Ϫ8 ͓1͔. Partial wetting by the smectic-A ͑Sm-A) phase, accompanied by several discrete layering transitions on varying temperature, has been observed at the V-I interface of some higher-n homologs of the nCB series ͓2͔. Continuous Sm-A ordering has also been observed above the bulk N -Sm-A transition temperature in the compounds 4O.8, 8OCB, and 9CB ͓3͔. Smectic ordering at interfaces has also been investigated theoretically ͓4-8͔. A limitation of the latter studies has been the necessity of applying an external field in order to provide sufficiently strong surface-induced ordering to result in Sm-A wetting and layering transitions at an interface ͓7͔.
Several experimental studies have shown that surfaceenhanced ordering can occur at the free surface ͑i.e., liquidvapor interface͒ of liquid-crystal compounds. For example, the nematic (N) phase has been shown to partially or completely wet the interface between the vapor (V) and isotropic (I) liquid phase in compounds of the homologous series nCB for nϭ5Ϫ8 ͓1͔. Partial wetting by the smectic-A ͑Sm-A) phase, accompanied by several discrete layering transitions on varying temperature, has been observed at the V-I interface of some higher-n homologs of the nCB series ͓2͔. Continuous Sm-A ordering has also been observed above the bulk N -Sm-A transition temperature in the compounds 4O.8, 8OCB, and 9CB ͓3͔. Smectic ordering at interfaces has also been investigated theoretically ͓4-8͔. A limitation of the latter studies has been the necessity of applying an external field in order to provide sufficiently strong surface-induced ordering to result in Sm-A wetting and layering transitions at an interface ͓7͔.
Freely suspended films of smectic liquid crystals provide another class of systems in which surface-enhanced ordering effects have been studied ͓9͔. The nature of these films, whose thicknesses can be varied from two up to an arbitrarily large number of layers, is ideally suited for studying the evolution from two-to three-dimensional behavior as well as the effects due to a variable ratio of ''bulk'' to ''surface'' interactions. Recently, a type of melting phenomena related to surface-enhanced ordering has been observed in freely suspended smectic ͑FSS͒ films. Termed layer-thinning transitions, these were first observed by Stoebe, Mach, and Huang ͓10͔ as the stepwise thinning of a FSS film when its temperature was raised above the bulk Sm-A -I transition temperature T AI . On the presumption that surface-enhanced smectic ordering ͑SESO͒ stabilizes the outer layers of the film, the successive thinning transitions were identified with Sm-A -I transitions of interior layers located at distances beyond some temperature-dependent penetration length from either of the free surfaces bounding the film. A characteristic of these phenomena is that they appear to be fairly rare: so far, such transitions have only been observed in two compounds out of more than 15 examined ͓10,11͔, while films of most materials rupture on heating. Recently, layer-thinning transitions have also been reported for compounds in which the bulk Sm-A phase transforms to a nematic ͑rather than isotropic͒ liquid ͓12͔. The latter work suggested that thinning transitions in these cases might be universal phenomena, although this is contrary to the reports of Ref. ͓11͔. So far, no theory has been able to give a clear explanation of these phenomena.
The aim of this paper is twofold. First, we introduce a physical mechanism which leads to SESO within mean-field theory. Second, we provide an explanation of the above results, accounting for the rarity of layer-thinning transitions as well as for similarities in the thinning behavior of films which melt to isotropic and nematic liquids.
The starting point is a density-functional perturbation theory. The reference system is modeled by parallel spheroids of elongation ratio ʈ / whose free energy is obtained from a weighted-density approximation ͓6͔. A standard mean-field approximation is used to evaluate the contribution of the long-range attractive pair potential. The latter is given by
where r 12 ϵ͉r 12 ͉ is the intermolecular distance, 12 is the angle between the symmetry axes of molecules 1 and 2, and 
where distance r is expressed in units of the mean hard-core diameter . The use of different values for the inverse-range parameters 1 -4 in this model plays a crucial role in promoting SESO at a free surface. This can be rationalized by considering the respective roles played by the interaction terms in Eq. ͑1͒. The function ⑀ 1 V 1 (r) accounts for isotropic attractive interactions which are responsible for inducing liquidvapor phase separation and hence for the existence of a liquid-vapor interface. The term ⑀ 2 V 2 (r)⌫ 2 ( 12 ) is analogous to a Maier-Saupe interaction, and therefore induces bulk nematic orientational ordering. The third and fourth terms, proportional to ⑀ 3 V 3 (r) and ⑀ 4 V 4 (r), respectively, describe coupling between rotational and translational degrees of freedom and induce orientational ordering in the presence of a nonuniform density distribution. For sufficiently large ͉⑀ 3 ͉, the third term is responsible for inducing nematic wetting at a V-I interface ͓1,13͔ and, in conjunction with spatially anisotropic excluded-volume interactions ͓6͔, for stabilizing the bulk Sm-A phase. The fourth term, which corresponds to the (222) component in a standard spherical harmonic expansion ͓14͔, plays a somewhat similar role to the third term. As the contribution of the last two terms to the free energy is proportional to the density gradient ͓13͔, their surface-induced ordering effects are expected to be increased on making the liquid-vapor interfacial density profile sharper, i.e., more abrupt. This can be achieved by reducing the range of the isotropic attractive interaction V 1 (r), i.e., by increasing 1 . At the same time, using a larger range for the rotation-translation coupling interactions, i.e., reducing 3 and 4 so that 3 , 4 Ͻ 1 , enables these interactions to ''sample'' a larger interfacial domain and thus further enhances surface-induced ordering. It is worth mentioning that the importance of using different ranges of the potential terms was not noticed before, to our knowledge, and Lennard-Jones forms have been commonly used for all V n (r). In this case, increasing ⑀ 3 and/or ⑀ 4 would promote smectic ordering at the interface, but a stable bulk Sm-A phase always occurs before a significant amount of SESO is achieved.
We have confirmed the qualitative reasoning described above by explicit calculations of the interfacial structure and free energy predicted by the theory. For appropriate values of the reduced energy parameters ⑀ n /⑀ 1 and inverse-range parameters n , both partial and complete wetting by the Sm-A phase at the interface between coexisting I and V phases can be achieved, accompanied by discrete layering transitions on varying temperature above T AI . This is, to our knowledge, the first microscopic model able to produce this behavior at a real V-I interface. Most details of the wetting properties will be presented elsewhere ͓15͔, while here we shall focus on the behavior of FSS films.
Thermodynamically, a FSS film is characterized by its film tension ␥ ͓16͔, which is equal to the excess ͑relative to bulk vapor͒ grand canonical potential per unit area. Here we study the behavior of Sm-A films at temperatures above T AI , while maintaining bulk V-I coexistence. In this region, the bulk Sm-A phase is unstable relative to both I and V phases, hence the film tension should increase with thickness ͓17͔. The behavior is actually plotted in Fig. 1 as ␥ vs tϵ(TϪT AI )/T AI Ͼ0 for different values of the number of smectic layers n. This shows the generic behavior of films with a significant amount of SESO when the bulk phase diagram contains a V -I-Sm-A triple point. ͑The particular set of parameters corresponding to Fig. 1 is 1 ϭ5, 2 ϭ3 , 3 ϭ 4 ϭ3.5, ⑀ 2 /⑀ 1 ϭ0.225, ⑀ 3 /⑀ 1 ϭϪ0.110, ⑀ 4 /⑀ 1 ϭϪ0.8, and ʈ /ϭ1.8. The triple-point temperature is T AI ϭ0.05, in units of ⑀ 1 /k B .) Each curve in this figure ends at the film spinodal temperature T n , defined as the maximum temperature for which an n-layer FSS film can exist as a metastable state ͓17͔. For any fixed value of t, the film tension increases with n. Note that all curves approximately intersect the tϭ0 axis at ␥Ϸ2␥ VA , where ␥ VA is the interfacial tension of a single interface between bulk V and Sm-A phases. For large n, T n approaches increasingly close to the value T ϱ corresponding to the spinodal temperature of the bulk Sm-A phase on the V-I coexistence curve. For the present choice of parameters, the value of T ϱ is 0.051. In this work, films of arbitrarily large n can be generated at all temperatures TрT ϱ , in contrast to the results of a previous theoretical study ͓17͔ which did not account for SESO. For all nу12, the film spinodal temperatures occur within 0.08% of T ϱ . For smaller n, the end points begin to deviate significantly from T ϱ and occur at increasingly higher values of t, indicating the increased importance of SESO in thin films.
The absence of any intersections between the ␥ curves for different n in Fig. 1 , except for that at tϭ0, agrees with our earlier assertion ͓17͔ that ''layer-thinning transitions'' at tϾ0 cannot be true thermodynamic phase transitions, but rather correspond to the loss of absolute metastability when films are heated through their spinodal temperatures. This figure appears able to account for layer-thinning transitions because, when an n-layer film becomes unstable on being heated through T n , a local free-energy minimum corresponding to a metastable (nϪ1)-layer film is still available. Whether this minimum will be reached or not depends on the film dynamics. The dynamical behavior is not available from the present equilibrium theory. However, relevant information is obtained from knowledge of the different spinodal temperatures involved, namely, T n , T ϱ , and T AI (s) this last being the Sm-A -I interface spinodal temperature ͑such that at TϾT AI (s) the outer layers melt and the interface moves toward the smectic region͒. As surface-enhanced ordering does not appear to be significant at the I -Sm-A interface ͓15͔, the relation between the spinodal temperatures must be T AI (s) ϽT ϱ ϽT n . This implies that, regardless of the dynamical details, once an interior layer melts into an isotropic liquid, the film subsequently evolves by melting of the remaining smectic peaks rather than by spontaneously compressing. In order to show this behavior, we have studied the evolution of film structure by viewing the intermediate profiles of the number density (z) and orientational order parameter (z) ͑defined in Ref. ͓7͔͒ generated during the numerical minimization algorithm ͓17͔ when the temperature of an initially metastable film of n layers is raised above the spinodal temperature T n ͑Fig. 2͒ ͓18͔.
Several interesting features are revealed by this. The first is that the weak monotonic decay of the profile peaks with distance into the film once more reveals the presence of SESO ͓Fig. 2͑a͔͒. Second, these results clearly indicate that the film instability occurs by ''melting'' of the interior layers, as hypothesized in experimental studies ͓10,12͔, but never confirmed by direct observation. Figures 2͑b͒ and 2͑c͒ show that a region of liquid, characterized by a negligible order parameter (z), develops in the interior of the film and results in the formation of two I -Sm-A interfaces inside the film. This final stage results in either the complete disappearance of the film, i.e., ''rupturing,'' or the formation of a largely isotropic-liquid film with a single smectic peak at each free surface ͓Fig. 2͑d͔͒ ͓19͔. This is probably the usual situation, and explains the experimental findings which indicate that, although SESO is quite common in FSS films, layer-thinning transitions are unusual ͓10͔. We have verified that the behavior of FSS films shown in Fig. 2 is insensitive to whether the Sm-A phase partially or completely wets the V-I interface ͓15͔.
We propose a mechanism which accounts for observed layer-thinning transitions and reconciles the experimental findings. We suggest that the interior layers of the film can melt into a metastable nematic rather than into the stable isotropic liquid. This possibility is favored in the proximity of a vapor-isotropic-nematic-smectic quadruple point. We have obtained such a state under several different sets of parameters. Here we shall illustrate the generic film behavior using the following set: 1 ϭ4, 2 ϭ3, 3 ϭ 4 ϭ4, ⑀ 2 /⑀ 1 ϭ0.307, ⑀ 3 /⑀ 1 ϭϪ0.655, and ⑀ 4 /⑀ 1 ϭ0. The corresponding reduced quadruple temperature is T Q ϭ0.065. We have studied FSS films on raising the temperature above T Q along the bulk V-I coexistence curve. Now, the interior structure which initially forms on layer melting is nematic (N), characterized by nonzero values of the orientational order parameter, as shown in Fig. 3 . It is interesting to note that when n is even, as in the case of Fig. 3 , the two equivalent middle layers simultaneously melt to a nematic state ͓Figs. 3͑b͒ and 3͑c͔͒, but on further iterations a ''smectic'' layer ͓exhibiting a peak in both (z) and (z)͔ is created as the film compresses itself. This explains the experimental finding ͓10͔ that single layers are removed from even-n films despite the equivalence of the two middle layers. The final converged profiles ͓Fig. 3͑d͔͒ correspond to an (nϪ1)-layer film, completing a bonafide layer-thinning transition.
Why does the film in this case evolve by thinning rather than by enlarging the interior nematic region in analogy to Fig. 2? A key difference between the present and earlier case FIG. 2 . Density ͑solid lines͒ and order parameter ͑dotted lines͒ profiles for a ten-layer film. ͑a͒ Film structure for reduced temperature 0.051 05 ͑the film spinodal temperature T 10 ). ͑b͒ and ͑c͒ Intermediate structures obtained after heating up to Tϭ0.051 06 during the numerical minimization process, after 160 and 190 iterations, respectively. ͑d͒ Final converged profiles. Fig. 2 but for a ten-layer film whose interior melts into nematic and undergoes a layer-thinning transition to a nine-layer film. ͑a͒ Film structure at T 10 ϭ0.0654. ͑b͒ and ͑c͒ Intermediate profiles generated after heating up to Tϭ0.0655ϽT 9 . ͑d͒ Final converged profiles corresponding to a nine-layer film at Tϭ0.0655.
FIG. 3. Same as
is the continuous ͑or very weakly first-order͒ nature of the bulk Sm-A -N transition. The near-critical nature of this transition leads, in conjunction with SESO, to ''critical adsorption'' ͓20͔ of the Sm-A phase at the vapor-nematic interface at temperatures near T Q , a phenomenon characterized by very slow decay of Sm-A ordering away from the free surface. We believe this is the crucial feature which produces an effective attractive interaction between the two interior Sm-A -N interfaces of the film after layer melting and promotes layer thinning.
Variations of the molecular parameters used in Fig. 3 convert the quadruple point into a pair of triple points, which are either a V-I -Sm-A and a I -Sm-A -N triple point or a V-I-N and a V -N -Sm-A triple point ͓6͔. In these two cases, the bulk Sm-A phase melts on heating to either a stable isotropic or nematic liquid, corresponding to the experiments of Refs. ͓10,11͔ and ͓12͔, respectively. For sufficiently weak perturbations, the layer-thinning behavior shown in Fig. 3 is still obtained. The common feature of layer melting to a nematic phase accounts for the similar findings of the two types of experiments.
In summary, we have shown in the context of a meanfield theory that the appearance of SESO at the free surface of a liquid crystal is related to the presence of differing ranges for the various terms in a standard spherical harmonic expansion of the anisotropic two-body interaction. We have also clarified the role of SESO in promoting layer-thinning transitions in FSS films and we have proposed a novel mechanism that accounts for many aspects of the experimentally observed behavior.
Note added in proof. A recent experimental study indicates that the variation of FSS film tension with thickness during the thinning process for TϾT AI is no greater than 1% ͓C. C. Huang, Phys. Rev. E ͑to be published͔͒. This finding constrasts sharply with the results of our model shown in Fig. 1 , although it is to be recalled that the latter results do not correspond to layer-thinning transitions. The present theory predicts a considerably weaker variation of the film tension in the case corresponding to Fig. 3 
